Proteins are only moderately stable. It has long been debated whether this narrow range of stabilities is solely a result of neutral drift towards lower stability or purifying selection against excess stability is also at work -for which no experimental evidence was found so far. Here we show that mutations outside the active site in the essential E. coli enzyme adenylate kinase result in stability-dependent increase in substrate inhibition by AMP, thereby impairing overall enzyme activity at high stability. Such inhibition caused substantial fitness defects not only in the presence of excess substrate but also under physiological conditions. In the latter case, substrate inhibition caused differential accumulation of AMP in the stationary phase for the inhibition prone mutants. Further, we show that changes in flux through Adk could accurately describe the variation in fitness effects. Taken together, these data suggest that selection against substrate inhibition and hence excess stability may have resulted in a narrow range of optimal stability observed for modern proteins.
Introduction
Most proteins (except IDPs) must be sufficiently stable to fold to a native 3D structure, resist thermal fluctuations and proteolytic degradation in the cell and carry out function. Hence selection for protein folding stability must have been an important parameter during evolution.
Naïvely this suggests that proteins would continuously evolve towards higher thermostability. In reality, however, this is not the case, and in fact most natural proteins are only moderately stable, with folding G in the range of −5 to −10 kcal/mol (1) (2) (3) . Origins of such a narrow range of stabilities has intrigued researchers for long. Theoretical approaches which addressed this issue have employed evolutionary simulations, where studies have shown that on a protein folding driven thermodynamic fitness landscape, selection for folding stability need not result in highly stable proteins (3) (4) (5) . In the regime of unstable proteins, selection for folding stability would lead to fixation of predominantly stabilizing mutations. On the other hand, in the regime of stable proteins, both stabilizing as well as destabilizing mutations have a very low selection coefficient, and hence have a low probability of fixation. However, since the supply of mutations is largely destabilizing, this results in more destabilizing mutations being fixed in the population (4) (5) (6) (7) (8) . At some intermediate value of folding stability, mutation-selection balance happens, where stabilizing and destabilizing mutations have equal probability of getting fixed, thereby giving rise to the observation that proteins are marginally stable.
A contrary hypothesis has also been provided which states that marginal stability is the result of a fitness penalty at very high protein stability (9, 10) . In other words, there is an optimal stability of proteins, beyond which on both sides fitness drops. It was hypothesized that drop in fitness at high stability is due to loss of protein flexibility that is important for its activity, resistance to proteolytic degradation, etc. At the heart of this fitness penalty, lies the concept of stabilityactivity tradeoff (11) . Indeed, directed evolution experiments that aim to improve protein stability with no constraint on its function often lead to mutations in the active site and subsequent loss in activity (12) . Moreover, specific substitutions in the active site of a protein often lead to stabilization with loss of activity (11, (13) (14) (15) . This observation can be partly attributed to the fact that most substitutions in a protein are deleterious (16, 17) . However, such trade-off can also be real as nature had to compromise protein stability while carving out an active site on a stable 3D scaffold, and active sites often have unfavorable conformations like buried polar amino acids or like-charges proximal to each other, etc. However, for substitutions outside the active site, such trade-off has not been demonstrated convincingly. Instead a positive correlation between stability and activity was found in one case (15) . Thermophilic counterparts of mesophilic enzymes present an interesting case to explore stability-activity trade-off, however such studies have also yielded contradictory results. HD exchange experiments showed that thermophilic 3-isopropylmalate dehydrogenase was significantly more rigid at room temperature than the E. coli enzyme, with concomitant loss in activity (18) . On the contrary, Nyugen et al successfully reconstructed a thermophilic ancestral adenylate kinase that was both thermostable as well as had comparable activity as the mesophilic enzyme at lower temperature (19) .
To address whether high stability impairs activity with possible consequences for bacterial Fig 1B) . To find out if substrate inhibition was related to stability of the Adk proteins,
we selected a set of destabilized mutants from our previous study (23) ( Table 1) . Remarkably, substrate inhibition was almost completely abolished for most of the destabilized mutants (e.g.
green line in Fig 1B shows However, we note that mutant L82V showed strong inhibition, even though it was only marginally more stable than WT T m = 0.6 C ( ) . In fact, it showed the strongest inhibition among all mutants considered in this study. This suggests that in addition to changes in stability, K I may be modulated by position specific effects, presumably through allostery. With the exclusion of L82V, the correlation between stability and substrate inhibition is much stronger (r = −0.80, p = 3.3e−5).
Variation of enzymatic activity with stability
Previous studies that sampled mutations outside the active-site found no trade-off between activity and stability of the protein (15, 29 
Flux through Adk explains drop in fitness
Our biophysical studies demonstrated that stabilizing mutants exhibit strong AMP-dependent substrate inhibition. We therefore hypothesized that the inhibitory effects of AMP on the essential enzyme Adk could result in fitness defects when grown in the presence of large excess of external AMP. To that end, we engineered a selected subset of stabilized and destabilized Adk variants on the genomic copy in E. coli and measured fitness effects (growth rate and lag time of engineered strains) as well as intracellular abundance of the mutant Adks (Table S1 ) in the presence and absence of AMP. To find out the dynamic range of AMP concentrations in which the largest change in fitness effects are seen, we first measured growth curves of WT and the most inhibited mutant in this study, L82V, in a minimal media (M9) and a 0-10 mM range of external AMP concentrations. Indeed, we found that the lag time increased, for both WT and L82V, with addition of excess AMP up to ~400 M, beyond which there was no substantial change ( Fig S2) . Subsequently we carried out growth experiments with all Adk variants in 0-400 M range of AMP. Remarkably, only stabilized mutants which exhibit strong substrate inhibition (low K I values) showed an AMP-dependent drop in growth rate and increase in lag times, whereas the uninhibited mutants exhibited little-or-no effect ( Fig 3A, B,C). This also shows that there is no generic toxicity due to additional AMP -the effect stems from inhibition of Adk by additional AMP in WT and some mutants. We utilized flux-dynamics theory (30) to relate the changes in fitness to changes in flux through Adk when excess AMP is present. The theory has been successfully used previously to explain fitness dependence on the activity ofgalactosidase (31), DHFR (32-34), and Adk (23). In the present case, we model the fitness dependence as follows:
where, V is the flux through Adk, a is the maximum fitness when the flux is maximum, and b is a constant representing background effect from all other enzymes. The flux through Adk is modeled as the rate at which AMP is converted to ADP and is related to equation (1) as follows:
Using measured intracellular abundances and biophysical properties of Adk variants However, in the presence of 400 M AMP in growth media, mutants L107I+V169E and L82V, which show strong substrate inhibition, accumulated extremely high levels of all three metabolites ATP, ADP and AMP. In contrast, destabilized mutant V106W and WT did not accumulate these metabolites even at high AMP concentration. Presumably, in the presence of high AMP concentration, the majority of the mutant Adks that have low K I remain in inhibited (bound) form, thereby not allowing the enzyme to carry out reaction in any direction and leading to accumulation of all three substrates. Previous studies have shown that accumulated AMP in yeast is often converted to IMP to prevent the slowdown of growth (36). In our study too, we observe accumulation of IMP in all four strains. The buildup is higher for L107I+V169E and L082V, as they accumulate more AMP due to inhibition.
Physiological effect of substrate inhibition
The data presented so far establishes conclusively that the increase in stability results in higher substrate inhibition in Adk. Such inhibition is also reflected in loss of fitness given appropriate conditions of excess substrate and therefore those 'selected' conditions can potentially limit the Interestingly, we find that the correlation is significant only if mutants have higher AMP levels than WT during the stationary phase (Fig 5D) .
Overall, these results show that even under physiological conditions substrate inhibition is essential for mutant Adk activity and it can cause loss of fitness for such mutants. This in turn can act as an evolutionary constraint that limits excessive protein stability for adk.
Discussion
The physical or evolutionary reasons behind relatively low stability of modern-day mesophilic proteins have been at the center of a long-standing debate. Theoretical studies explain this based on the large supply of destabilizing mutations. A competing hypothesis suggests fitness penalty at high stability, however no experimental evidence exists till date. Here, we engineered stabilized mutants of an essential E. coli enzyme Adenylate Kinase and show that though such mutants have improved catalytic efficiency in terms of k cat K M , they also exhibit strong substrate inhibition by AMP. AMP substrate inhibition is a well-known phenomenon for E. coli Adk (27, 28), here we uncover that this property of the enzyme is modulated by stability.
Remarkably, destabilized mutants of Adk are also significantly less inhibited by AMP, to an extent that it is completely abolished for some mutants. We also show that the substrate inhibition constant K I shows a trade-off with enzyme efficiency k cat K M . This observation implies that while improving stability that lead to more efficient Adks, the net velocity given by equation (1) will always be limited by substrate inhibition in the regime of high substrate concentrations.
We also show that substrate inhibition can result in pronounced fitness effects. In the presence of excess AMP, we show that the observed fitness effects can be accurately described using flux dynamics theory and a biophysical fitness function. More interestingly, variations in fitness effects were also observed under physiological conditions in the absence of any additional AMP.
Using metabolomics data, we were able to explain this variation based on differential levels of AMP in the stationary phase for inhibition-prone mutants. This result has important implications in terms of evolution of protein stability. Due to absence of any evidence of fitness penalty at high stability, it was always believed that the fitness landscape is monotonic with respect to protein stability: reduced fitness at low stability due to low folded fraction, and essentially reaching a plateau once the fraction unfolded becomes negligible. Our results show that this landscape can be non-monotonic for some proteins, where high stability can impair activity through substrate inhibition. Our findings can be depicted in a schematic fitness landscape as shown in Fig 6, where a bell-shaped fitness landscape along stability axis arises due to substrate inhibition at high stability and it may indicate origins of moderate stabilities in Adk. Since substrate inhibition is a reality for ~20-30% of natural enzymes (38, 39) , the observed phenomenon of increased inhibition upon stabilization might be applicable to these enzymes as well.
Of course, the fitness penalty at high stability and the relief of substrate inhibition upon destabilization does not suggest that large destabilization is beneficial for the enzyme. (41) .
Of course, the big question remains unanswered: why does higher stability cause stronger inhibition? At the heart of this, lies the mechanism of AMP substrate inhibition of Adk, which has been an area of long-standing research. The general mechanism of substrate inhibition is assumed to be uncompetitive where AMP binds at an independent allosteric site (27). An alternative mechanism is that binding of AMP to its own site causes closure of the ATP binding pocket, leading to inhibition (28). A third mechanism is that inhibition is due to AMP binding competitively at the ATP-binding site (42) . Though elucidation of the exact mechanism is beyond the scope of this work, this knowledge will be crucial to understand how stability modulates inhibition. We like to note in passing that in our attempt to get a mechanistic insight, we measured binding affinities of WT Adk, mutants M21A+L107I and L82V to the inhibitor Ap5A, which binds to both AMP and ATP binding site simultaneously (43 residues which satisfy abovementioned criteria, of which 20 are in the Core domain, 5 in the LID, and 3 in the NMP. We randomly chose 6 positions from Core domain and constructed individual back-to-consensus mutations: M21A, M96L, L107I, V169E, L209I, and E210L. We define the active-site as the residues whose accessible surface area changes by more than 5 Å 2 in the presence of the inhibitor Ap5A. A similar criterion was used to define the residues contacting the active site. All the 6 selected positions were not only away from the inhibitor, but also not in direct contact with any active site residues.
Q16L and T179M were previously found to be stabilizing in Adk of Bacillus subtilis (24, 25).
Based on that, we constructed Q16F, Q16Y, and T175M in E. coli Adk at structurally equivalent positions to Bacillus Adk. Such positions were determined by aligning structures of Adk from E. coli (pdb: 1ake) and B. subtilis (pdb: 1p3j (51)) using MUSTANG (52) .
Additionally, we combined individually-stabilizing mutations to make 2-or 3-site mutants if their C atoms are at least 10 Å far apart from each other.
For destabilizing candidates, we chose several mutants from our previous study (23). ( ) were estimated and plotted against AMP concentrations. As observed previously (27, 28), the kinetic data for varying AMP exhibited a signature of substrate inhibition and we modeled it assuming uncompetitive mode of inhibition as follows:
where K I is the AMP inhibition constant, K M is Michaelis constant for AMP, and E 0 is the concentration of Adk used in the assay. In few cases where inhibition was not apparent, the data exhibited hyperbolic pattern. Such traces did not fit well to equation (4) which was exemplified by large errors in K I compared to its mean fitted value. These cases were fitted by regular Michaelis-Menten equation:
Generation of mutant strains: We generated the WT and mutant adk strains of E. coli MG1655 as described previously (23, 53). In short, adk variants were cloned in pKD13 having following cassette:
chloramphenicol-and kanamycin-resistance genes are placed on either side of the adk gene, and long homology segments were added from upsteam and downstream genes. We amplified the whole cassette with ~800 bp of homology-segments, and electroporated in competent BW25113 cells in which -red system was already induced. The cells were recovered in 1 ml terrific broth for overnight at room temperature and eventually spread on LB-agar plates containing 34 g/ml chloramphenicol and 50 g/ml kanamycin. The colonies were sequenced for correct mutations.
The mutant adk segments were subsequently transferred to E. coli MG1655 by P1 transduction, selected on LB-agar plates with both antibiotics as mentioned above, and the mutations were confirmed by sequencing.
Growth curve measurements and media conditions: The Adk strains were grown for 20 h at 30 °C from single colonies in M9 media (1× M9 salts, 1 mM MgSO4, 0.2 % glucose). These primary cultures were normalized to a final OD600 of 0.01 in fresh M9 media and the growth curves were monitored from three colonies in triplicates using Bioscreen C at 37 °C with data acquisition at every 15 min. For experiments with AMP, primary cultures were grown as mentioned above, and the secondary cultures were grown in M9 media with desired concentration of AMP from time 0.
We derived the growth parameters by fitting ln(OD) versus time plot (with OD 600 0.02 ) with the following four-parameter Gompertz function as described previously (23):
where K is the fold-increase over initial population at saturation, the maximum growth rate is
) , and the lag time is the time taken to achieve the maximum growth rate. The error in parameters from replicates was found to be between 2-3% on an average, and it did not improve significantly upon increase in number of replicates.
Intracellular protein abundance: The WT and mutant strains in MG1655 were initially grown at 30 °C for 20 h in M9 medium. These primary cultures were normalized to OD600 of 0.01 in fresh M9 media and grown for 5 hours at 37 °C. The cells were harvested and subsequently lysed with 1× BugBuster (Novagen) and 25 U/ml of Benzonase. The cell lysate was divided in two parts:
one was used to estimate the total amount of proteins, and the other was for the specific fraction of Adk. The total amount of proteins in cell lysate was estimated by BCA assay (ThermoFisher).
We used SDS-PAGE followed by western blot for estimating the intracellular abundance of Adk.
The Adk bands were detected using anti-Adk polyclonal antibodies custom-raised in rabbit (Pacific Immunology). The band intensities on western blot were quantitated using ImageJ and were further normalized by the total protein abundance in that lysate (estimated as mentioned above). We used three colonies to estimate the intracellular abundance of Adk variants. The 13C-labeled metabolites were detected using 5 ppm accuracy window around their predicted monoisotopic m/z value and retention time. The retention time for the labeled metabolites was same as that for the unlabeled metabolites. For correction, we used approximately 16-18 labeled metabolites that were common in all the samples. The log of peak area for the labeled metabolites was linearly regressed against data from the first colony of WT (arbitrary choice of reference) and the regression parameters (slope and intercept) were used to correct the unlabeled peak areas. 
